Introduction
Gadd45a, Gadd45b (also termed MyD118) and Gadd45g (also termed CR6) constitute a family of genes, which encode for small (18 kDa) evolutionarily conserved proteins that are highly homologous to each other, are highly acidic and are localized primarily, but not exclusively, within the cell nucleus Takekawa and Saito, 1998; Zhang et al., 1999) . Despite marked similarities, these genes are regulated differently and exhibit functional diversity (Liebermann and Hoffman, 2003) . Only Gadd45a was found to be a p53 target gene (Kastan et al., 1992; Vairapandi et al., 1996) . Gadd45b and gadd45g are induced by inflammatory cytokines such as interleukin (IL)-6, IL-12 and IL-18 (Zhang et al., 1999; Lu et al., 2001; Yang et al., 2001) . Additionally, gadd45b was induced by tumor necrosis factor (TNF)-a (De Smaele et al., 2001; Amanullah et al., 2003) , transforming growth factor (TGF-b) (Selvakumaran et al., 1994; Takekawa et al., 2002; Yoo et al., 2003) and innate immunity signals arising from lipopolysaccharide stimulation (Lang et al., 2002) .
Overall, Gadd45a, Gadd45b and Gadd45g have been implicated in cell cycle arrest (Beadling et al., 1993; Hollander et al., 1999; Wang et al., 1999; Zhang et al., 1999) , DNA repair (Smith et al., 1994; Vairapandi et al., 1996) , apoptosis (Harkin et al., 1999; Vairapandi et al., 2000; Azam et al., 2001; Takekawa et al., 2002; Yoo et al., 2003) , cell survival (Smith et al., 1996; De Smaele et al., 2001; Zazzeroni et al., 2003; Papa et al., 2004; Gupta et al., 2005) , genomic stability (Hollander et al., 1999) , inflammatory response and innate immunity (Lu et al., 2001; Yang et al., 2001; Lu et al. 2004 ). Gadd45 proteins have been shown to stimulate the p38-c-Jun N-terminal kinase (JNK) mitogen-activated protein (MAP) kinase pathways in response to stress situations and thereby sensitize cells for growth arrest, apoptosis or survival (Takekawa and Saito, 1998; Harkin et al., 1999; De Smaele et al., 2001; Lu et al., 2001; Hildesheim et al., 2002; Yoo et al., 2003) . The role of Gadd45 proteins in negative growth regulation is believed to involve direct interaction with various cell cycle components such as proliferating-cell nuclear antigen (PCNA), p21, cdc2 and cyclin B1 (Liebermann and Hoffman (2003) and references therein). Based on these interactions, gadd45 proteins have been linked to the regulation of cell cycle checkpoints in response to genotoxic stress, notably the G2/M checkpoint Vairapandi et al., 2002) .
Gadd45 gene(s) were also found to be primary response gene(s) to IL-6-mediated terminal differentiation of M1 monocytic leukemia cells, as well as to granulocyte colony-stimulating factor (G-CSF)-mediated terminal differentiation of 32Dcl3 cells; furthermore, gadd45 gene(s) were induced by myeloid differentiation-inducing cytokines such as IL-3 and granulocyte-macrophage colony stimulating factor (GM-CSF) (Zhang et al., 1999) in primary murine bone marrow (BM) cells (Abdollahi et al., 1991; Zhang et al., 1999) . Induction of gadd45 genes at the onset of myeloid differentiation in response to various cytokines indicates that Gadd45 protein(s) may play a role in hematopoiesis (Abdollahi et al., 1991; Zhang et al., 1999) . However, the precise role remains unclear. Given the important roles gadd45 genes play in stress responses, we explore the role of gadd45 gene(s) in the response of myeloid cells to different physiological stressors, including acute stimulation with cytokines, myeloablation and inflammation, using gadd45a-deficient and gadd45b-deficient mice.
Results
Gadd45a and gadd45b are induced following acute stimulation with cytokines Before studying how deficiency in either gadd45a or gadd45b may effect myeloid cell development, it was important to assess the expression of these genes upon acute stimulation of myeloid-enriched BM cells with differentiating cytokines. Bone marrow cells isolated from the femur of gadd45aÀ/À, gadd45bÀ/À and wildtype (wt) age-matched littermates were incubated for 6 h in the absence of cytokines (untreated controls) or were treated with IL-3, GM-CSF, macrophage colonystimulating factor (M-CSF) or G-CSF for 24 h. Following treatment of the BM cells with the above cytokines, expression of both gadd45a and gadd45b was strongly upregulated within 24 h (Figure 1 ). The expression of gadd45b in gadd45aÀ/À BM and of gadd45a in gadd45bÀ/À BM was comparable to their expression in wt BM cells. Gadd45g expression was the same for all genotypes (data not shown). This indicates that gadd45 genes are induced independently in response to hematopoietic cytokines.
Impaired myeloid differentiation in gadd45aÀ/À and gadd45bÀ/À bone marrow progenitors following acute stimulation with hematopoietic cytokines As steady-state myelopoiesis appeared not to be significantly altered in gadd45-deficient mice, as no apparent abnormalities were observed in the number and types of hematopoietic cells in the BM (Table 1 Supplementary Material) and peripheral blood (Table 2 Supplementary Material) compartments, we asked whether the lack of either gadd45a or gadd45b would effect differentiation of BM-derived myeloid cells upon acute stimulation with cytokines. Bone marrow cells from gadd45a-deficient and gadd45b-deficient mice and age-matched wt controls were seeded in culture media either in the absence of growth factors or in the presence of IL-3, GM-CSF, M-CSF or G-CSF. Differential counts of cytospin smears, as well as analysis of cell surface markers by flow cytometry were performed.
After 4 days of treatment with GM-CSF, IL-3, M-CSF or G-CSF, the percentage of mature macrophages and granulocytes was significantly lower in gadd45aÀ/À and gadd45bÀ/À BM cells compared to wt controls ( Figure 2 ). These data were corroborated by fluorescence-activated cell sorting (FACS) analysis for F4/80 and Gr-1 surface markers, which are specific for mature macrophage and granulocyte cells, respectively. A significant decrease in expression of the surface markers was observed in gadd45aÀ/À and gadd45bÀ/À BM cells following 4 days stimulation with the indicated cytokines (data not shown). Thus, both morphological and immunophenotyping have provided evidence for impaired myeloid differentiation in gadd45a-deficient and gadd45b-deficient BM cells compared to wt BM cells.
Deficiency in either Gadd45a or Gadd45b results in decreased viability of myeloid cells upon acute stimulation with macrophage colony-stimulating factor or granulocyte colony-stimulating factor Hematopoietic cytokines play a role in both survival and differentiation of hematopoietic cells. Given the known role of gadd45 genes in modulating cell survival, the effect of loss of either gadd45a or gadd45b on survival of myeloid cells following acute stimulation with differentiating cytokines was analysed. Bone marrow cells were cultured in either IL-3, GM-CSF, M-CSF or G-CSF, as described above, and after 3 and 5 days aliquots of the cultures were stained with annexin-V and propidium iodide (PI), and apoptotic cells were assessed by FACS analysis (Figure 3a) . It can be seen that gadd45aÀ/À and gadd45bÀ/À BM cells grown in Figure 1 gadd45a and gadd45b are induced in bone marrow (BM) progenitors following acute stimulation with hematopoietic cytokines. Northern blots prepared with 15 mg RNA from gadd45aÀ/À, gadd45bÀ/À and wild-type (wt) murine BM cells (untreated or treated with interleukin (IL)-3, granulocyte-macrophage colonystimulating factor (GM-CSF), macrophage colony-stimulating factor (M-CSF) or granulocyte colony-stimulating factor (G-CSF) for 24 h) were hybridized with gadd45a, gadd45b and glyceraldehydes-3-phosphate dehydrogenase-specific radiolabeled DNA probes. Lanes 1, 2, 3, 4 and 5 represent RNA from untreated, IL-3-, GM-CSF-, M-CSF-and G-CSF-treated cells, respectively, in each panel.
gadd45a and gadd45b in myeloid stress responses SK Gupta et al IL-3 or GM-CSF did not differ significantly from wt cells with regard to apoptosis. However, significantly increased apoptosis was observed in gadd45aÀ/À and gadd45bÀ/À BM cells following treatment with M-CSF or G-CSF compared to wt controls ( Figure 3a) . To corroborate that the higher apoptosis in gadd45-null BM cells during differentiation is owing to gadd45 deficiency and not to other genetic alterations, multipotential progenitors from BM cultured in Iscove's modified Dulbecco's medium (IMDM) (10% fetal bovine serum (FBS)) containing 20 ng/ml M-CSF were transduced with either MIGW-green fluorescent protein (GFP) or MIGW-GFP-gadd45a retroviral vectors. A transduction efficiency of about 12-15% was detected by scoring GFP expression using FACS analysis. Cell death in GFP-positive cells was analysed by staining cells with phycoerythrin-bound annexin-V (annexin-V-PE). It can be seen that cells transduced with MIGWgadd45a-GFP were more resistant to apoptosis than those transduced with MIGW-GFP. As shown in Figure 3b , about 42% of GFP-positive cells from MIGW-GFP-transduced cells were positive for annexin-V-PE, whereas only 20% of MIGW-gadd45a-GFP-transduced cells were positive for annexin-V-PE. This data implies that gadd45a mediates cell survival during M-CSF-induced macrophage differentiation. Similar results were observed for gadd45b (data not shown).
To determine the differentiation status of apoptotic cells, cells were treated with GM-CSF or M-CSF for 5 days, with G-CSF for 3 days, and assessed for the differentiation markers Mac-1, F4/80 or Gr-1, as well as annexin-V-positive cells. It can be seen (Figure 3c ) that GM-CSF-treated gadd45-deficient cells did not show significant differences in either Mac-1-positive annexin-V-positive or Mac-1-negative annexin-V-positive cells compared to wt control. In contrast, M-CSF and G-CSF-treated gadd45À/À cells displayed a higher proportion of annexin-positive cells, both differentiated and undifferentiated, compared to similarly treated wt controls. These data indicate that gadd45a and gadd45b are important modulators of cell survival in both undifferentiated and differentiated myeloid cells upon acute stimulation with either M-CSF or G-CSF.
Deficiency in either gadd45a or gadd45b results in initial decrease in colony formation and subsequent increase in clonability of colony forming units granulocyte/ macrophage progenitors The compromised cytokine-induced myeloid differentiation and enhanced apoptosis observed in gadd45a-deficient and gadd45b-deficient BM cells following acute stimulation with cytokines prompted us to examine the effect of gadd45 deficiency on clonogenic potential of myeloid progenitor cells. Bone marrow cells from both gadd45a-deficient and gadd45b-deficient mice cultured in methylcellulose, containing 10% Wehi-3B cell-conditioned medium as the source of IL-3, displayed a significantly lower frequency of colony-forming units granulocyte/macrophage (CFU-GM) compared to wt controls. Decreased frequency of colony-forming cells was also noticed with GM-CSF, M-CSF and G-CSF (Figure 4a ). Differential counts of pooled colonies indicated a marked decrease in level of mature myeloid cells in both gadd45aÀ/À and gadd45bÀ/À colonies compared to wt controls (data not shown).
The compromised myeloid differentiation and the decrease in the frequency of colony-forming progenitors in gadd45À/À BM prompted us to analyse how gadd45 deficiency affects cloning ability of CFU-GM progenitors, analysed by re-plating cells of primary colonies in methylcellulose supplemented with IL-3. As shown in Figure 4b , the initial decrease in gadd45aÀ/À and gadd45bÀ/À CFU-GM observed during first plating was less pronounced in the second plating, and curiously in the third re-plating gadd45aÀ/À and gadd45bÀ/À Figure 2 Bone marrow (BM) cells from gadd45a-null and gadd45b-null mice exhibit compromised myeloid differentiation in response to acute stimulation with differentiating cytokines. Differential counts of myeloid cells were obtained using cytospin smears made from BM cells of gadd45aÀ/À, gadd45bÀ/À and wild-type (wt) mice (n ¼ 4) following treatment with granulocytemacrophage colony-stimulating factor, interleukin-3, macrophage colony-stimulating factor and granulocyte colony-stimulating factor, as described in Material and methods. (*Po0.005, **Po0.001; wt versus gadd45aÀ/À and gadd45bÀ/À). gadd45a and gadd45b in myeloid stress responses SK Gupta et al BM cells yielded more colonies than wt controls (Figure 4b ).
Three types of colonies were detected (Figure 4c ). Compact colonies were composed mostly of undifferentiated blast cells. Colonies with a compact center and dispersed periphery were comprised of progressively differentiating granulocytes and macrophages (GM), and dispersed colonies consisted of mature macrophages (M). It was observed that gadd45aÀ/À and gadd45bÀ/À BM cells yielded substantially more blast colonies compared to wt controls in the first, second and third plating, whereas the number of macrophage colonies was significantly lower in the third plating (Figure 4c ). Taken together, these data are indicative of prolonged proliferation capacity and decreased ability to differentiate for gadd45a-deficient and gadd45b-deficient CFU-GM.
Impaired recovery after myeloablation of the myeloid compartment in bone marrow of gadd45aÀ/À and gadd45bÀ/À mice Our preceding data provided evidence for altered myelopoiesis in gadd45-deficient BM cells in vitro, in response to stress inflicted by acute exposure to cytokines. Intraperitoneal (IP) administration of 5-Fluorouracil (5-FU) causes prompt ablation of myeloid progenitor cells, which in turn results in myeloablative stress-driven stimulation of myelopoiesis to recover the myeloid compartment. Thus, given the alteration in acute myelopoiesis observed in gadd45À/À BM cells in vitro, it was of our interest to also test how gadd45 deficiency affects the recovery of the myeloid compartment of BM in vivo following 5-FU myelo-ablation. To this end, gadd45a À/À, gadd45bÀ/À and wt mice (n ¼ 4) Figure 3 Gadd45a deficiency and gadd45b deficiency decreases cell survival upon acute simulation with differentiating cyokines. (a) Apoptosis was analysed by annexin and propidium iodide staining followed by fluorescence-activated cell sorting (FACS) analysis of bone marrow (BM) cells obtained from wild-type (wt), gadd45aÀ/À and gadd45bÀ/À mice (n ¼ 3). The cells were induced for differentiation in Iscove modified Dulbecco medium (IMDM) (10% fetal bovine serum (FBS)) supplemented with interleukin-3 (10% v/v Wehi-3B cell-conditioned medium), 110 ng/ml rGM-CSF, 20 ng/ml rM-CSF or 140 ng/ml rhuG-CSF and analysed after 5 days (cells induced with rhu-G-CSF were analysed after 3 days) by FACS (*Po0.005, **Po0.001; wt vs. gadd451À/À or gadd45bÀ/À). (b) Introduction of gadd45a by retroviral transduction into gadd45a-deficient BM cells reduces cell death in differentiating macrophages. Bone marrow-derived macrophages growing in IMDM (10% fetal bovine serum) supplemented with 20 ng/ml macrophage colony-stimulating factor (M-CSF) were transduced with MIGW-green fluorescent protein (GFP) or MIGW-GFP-gadd45a retroviral vectors, followed by FACS analysis of GFP-positive fraction of cells for apoptosis measured by annexin-V-PE. (c) Cells were treated for 5 days with granulocyte-macrophage colony-stimulating factor or M-CSF, or for 3 days with granulocyte colony-stimulating factor, and stained for cell surface markers and annexinV-fluoresein isothiocyanate to correlate the differentiation status with apoptosis. gadd45a and gadd45b in myeloid stress responses SK Gupta et al were administered 5-FU via IP injection, and 10 days later, femoral BM was analysed for expression of surface markers associated with myeloid differentiation. As shown in Figure 5 , the fraction of Gr-1-and F-4/80-positive cells in the BM of gadd45aÀ/À and gadd45bÀ/À mice was significantly lower than the wt controls. In contrast, the fraction of Mac-1-positive cells was substantially higher in gadd45a-deficient and gadd45b-deficient BM ( Figure 5 ). Morphological analysis of cytospin smears revealed a larger fraction of cells at the myeloblast stage in both gadd45a-deficient and gadd45b-deficient BM compared to wt cells, and the overall cellularity of gadd45aÀ/À and gadd45bÀ/À BM was significantly lower than wt controls (50-60% of control). Taken together, these results indicate that following acute myeloid suppression, deficiencies in either gadd45a or gadd45b prolongs the time needed for recovery of the myeloid compartment.
Loss of either gadd45a or gadd45b impairs the response of myeloid cells to inflammatory stress Acute inflammation is another source of physiological stress, and inflammatory signals arising from IP administration of inflammatory agents (i.e. sodium casienate) was previously reported to rapidly induce myelopoiesis in murine BM (Liebermann and Hoffman-Liebermann, 1989) . Intraperitoneal delivery of sodium caseinate also results in prompt migration of inflammatory cells from the BM to the peritoneal cavity, which results in increase in mature myeloid cells (and lymphocytes) 3-4 days after sodium caseinate injection (Daems and Koerten, 1978) . Thus, it was in our interest to examine how loss of gadd45a or gadd45b affects the response of the myeloid compartment to acute inflammatory stress. To this end, five mice each for gadd45aÀ/À, gadd45bÀ/À and age-matched wt controls were administered sodium caseinate, and BM cells and peritoneal exudates were isolated 3 days later (Figure 6a-c) . Bone marrow cells of wt mice subjected to sodium casienate treatment consisted mostly of Gr-1-positive myeloid cells (98.6%) compared to 76.4% in untreated mice; however, there was no substantial difference in the proportion of Gr-1-positive BM cells in either gadd45aÀ/À or gadd45bÀ/À mice compared to untreated controls ( Figure 6a ). The number of cells obtained from peritoneal exudates of gadd45aÀ/À, gadd45bÀ/À and wt mice (n ¼ 3), 3 days following injection with sodium caseinate, was also determined. Exudates from gadd45a-deficient and gadd45b-deficient mice were observed to contain about two-to three-fold fewer cells than exudates from wt mice (Figure 6b ). Analysis of peritoneal cells for expression of myeloid cell surface markers has shown that the percentage of F4/80-and Gr-1-expressing cells was appreciably lower in peritoneal exudates of gadd45a-deficient and gadd45b-deficient mice compared to wt mice (Figure 6c ). Taken together, these data indicate that both gadd45a and gadd45b are important modulators of the response of myeloid cells to acute inflammatory stress.
Discussion
Since the identification of gadd45 family members, considerable efforts have been made to elucidate their biological functions. Targeted disruption of gadd45a, gadd45b or gadd45g resulted in apparently normal murine development without any overt abnormalities, suggesting that gadd45 family members do not play a major role during steady-state hematopoiesis (Hollander et al., 1999; Hoffmeyer et al., 2001; Lu et al., 2004) . However, how gadd45 proteins affect the response of hematopoietic cells under stressful conditions remained Here, we show that loss of gadd45 function resulted in compromised differentiation and survival of myeloid progenitor cells upon acute cytokine-driven (i.e. IL-3, GM-CSF, M-CSF, G-CSF) terminal differentiation of BM cells, indicating that both gadd45a and gadd45b modulate myeloid differentiation and promote cell survival under these conditions. It is known that signaling pathways emerging from cytokine receptors activate tyrosine kinases, which bind to and phosphorylate the receptor as well as substrates recruited to the receptor complex. Stat3 and stat5 proteins are the known substrates, which are phosphorylated and translocated to the nucleus where they activate gene transcription of various genes associated with cell survival, proliferation and differentiation (Teglund et al., 1998; Moriggl et al., 1999) . Hematopoietic cytokines also activate the so-called MAP kinases including p38, JNK and extracellular signal-regulated kinase (Platanias, 2003) . It is possible that gadd45 proteins are modulators in these signaling pathways, and that deficiency in gadd45 proteins alters the signaling and ultimately stress-induced myelopoiesis in gadd45-deficient mice. Consistent with this notion is the observed loss of gadd45 induction in stat5-or Jak3-deficient splenocytes after anti-CD3 stimulation (Hoffmeyer et al., 2001) . The role of gadd45a and gadd45b in signaling pathways that modulate myeloid cell survival and differentiation is under investigation and is the subject of work to be published elsewhere.
We have observed that deficiency in gadd45a or gadd45b results in alterations in viability and proliferation capabilities of CFU-GM. The regulation of hematopoiesis involves a balance between proliferation, differentiation and apoptosis of myeloid progenitor cells (Metcalf, 1989; Liebermann and Hoffman, 1994) . Thus, an initial higher rate of apoptosis in CFU-GM progenitor cells may account for the initial decrease in the ability of gadd45aÀ/À and gadd45bÀ/À cells to form colonies in methylcellulose. Unlike what has been previously reported by Hoffmeyer et al., 2001 , using gadd45g-deficient mice, BM cells from mice deficient in gadd45a or gadd45b consistently yielded reduced number of myeloid colonies compared to wt BM cells. Colony re-plating assays, which reflect proliferative capability of progenitor cells (Nakahata and Ogawa, 1982) , have indicated prolonged proliferation capacity of gadd45a-deficient and gadd45b-deficient BM-derived CFU-GM progenitors. This may be indicative of the negative growth regulatory function of gadd45 proteins and their ability to interact with p21 (Vairapandi et al., 1996; Azam et al., 2001) to modulate this function.
Administration of the antimetabolite 5-FU results in ablation of proliferating progenitor cells in BM, and hence results in myelo-suppression (Randall and Weissman, 1997) . The same condition is induced with some chemotherapeutic agents such as cyclophosphamide and treatment with the cytokines G-CSF and GM-CSF (Richman et al., 1976) . To recover, quiescent cells from the stem cell pool are activated to replenish the progenitor pool, which subsequently differentiates along multiple cell lineages (Randall and Weissman, 1997) . Under these conditions, both gadd45aÀ/À and gadd45bÀ/À mice displayed poor recovery of the mature myeloid compartment. Fluorescence-activated cell sorting analysis of BM cells from 5-FU-treated mice revealed a greater fraction of cells that did not express Gr-1 or F4/80 in gadd45aÀ/À and gadd45bÀ/À mice, whereas a higher proportion of the cells were positive for Mac-1 compared to wt control. The cells expressing Mac-1 appear to be proliferating progenitors in early stages of maturation, which fail to progress into mature cells (Randall and Weissman, 1997) . Interestingly, Figure 5 Delayed recovery of the bone marrow (BM) myeloid compartment in gadd45a-deficient and gadd45b-deficient mice following myeloablation with 5-Fluorouracil (5-FU). Cell surface markers Mac-1, Gr-1 and F4/80 of BM cells obtained from age-matched wild type (wt), gadd45aÀ/À and gadd45bÀ/À mice (n ¼ 3) were analysed 10 days after 5-FU injection (200 mg/kg body weight).
gadd45a and gadd45b in myeloid stress responses SK Gupta et al following 5-FU treatment cells expressing both Gr-1 and F4/80 were observed, primarily in BM obtained from wt mice ( Figure 5 ). This may be owing to the large loss of the progenitor pool, which in wt mice is followed by massive division of multi-potential stem cells in order to rapidly replenish the progenitor pool. Thus, at this stage, co-expression of surface molecules on a subpopulation of mature cells is not surprising. Regulation and kinetics of expression of cell surface molecules during rapid turnover of the hematopoietic compartment is little understood, and biological settings where myeloid cells co-express both Gr-1 and F4/80 have been previously documented (Hestdal et al, 1991; Taylor et al, 2003) . Also, the cellularity of the BM in gadd45aÀ/À and gadd45bÀ/À mice appeared to be significantly reduced compared to wt controls. These observations raise the possibility that deficiency in either gadd45b or gadd45a alters the function of the hematopoietic stem cell compartment in response to physiological stress. In this regard, it will be of interest to assess the possible role of Gadd45 protein interaction with p21 (Vairapandi et al., 1996; Azam et al., 2001) , which has been implicated in the regulation of hematopoietic stem cell quiescence and cell survival (Asada et al., 1999; Cheng et al., 2000; Marone et al., 2002) . Inflammatory signals arising from IP administration of sodium caseinate, which is known to rapidly stimulate myelopoiesis in murine BM (Liebermann and HoffmanLiebermann, 1989) , failed to stimulate myelopoiesis in gadd45aÀ/À and gadd45bÀ/À mice, impairing accumulation of myeloid cells in the peritoneum. These observations provide evidence that Gadd45a/b proteins are important mediators of inflammatory stress responses of myeloid cells. It is possible that loss of gadd45a or gadd45b compromises the innate immune function of myeloid cells. Whether this is the case, and Figure 6 Decrease of both myelopoiesis and accumulation of myeloid cells in the peritoneum of gadd45aÀ/À and gadd45bÀ/À mice compared to wild-type (wt) mice following intraperitoneal (IP) injection of the inflammatory agent sodium caseinate. (a) Enhancement of Gr-1-expressing bone marrow cells 3 days after IP injection of sodium caseinate in wt, but not in gadd45aÀ/À and gadd45bÀ/À mice. (b) Decreased number of cells in peritoneal exudates obtained from peritoneum of age-matched wt, gadd45aÀ/À, gadd45bÀ/À mice (n ¼ 3) injected 3 days earlier with 3 ml of 10% sodium caseinate. (**Po0.001; wt versus gadd45aÀ/À and gadd45bÀ/À) (c) Analysis of myeloid cell surface markers using cells from peritoneal fluids obtained from age-matched wt, gadd45aÀ/À and gadd45bÀ/À mice 3 days following injection with 3 ml of 10% sodium caseinate.
gadd45a and gadd45b in myeloid stress responses SK Gupta et al how it relates to loss of gadd45a/b function in the lymphoid (Lu et al., 2004) or non-hematopoietic cell compartments needs to be explored.
In conclusion, our data demonstrates that gadd45 proteins are important modulators of myelopoiesis under conditions of physiological stress, including acute stimulation with cytokines, 5-FU-induced myelo-ablation or stress inflicted by inflammatory agents. We have recently demonstrated that loss of either gadd45a or gadd45b also has a profound affect on the response of myeloid cells to genotoxic agents such as ultraviolet (UV) irradiation and certain anticancer drugs (Gupta et al., 2005) . The mechanisms that underlie the function of Gadd45 proteins in the response of hematopoietic cells to different types of physiological, physical and chemical stress agents are currently under investigation. Nevertheless, these findings indicate that genetic lesions altering expression or function of gadd45a and/or gadd45b are likely to perturb the response of normal and malignant hematopoietic cells to physiological stressors and anticancer agents, which may contribute to the pathogenesis of different leukemias.
Materials and methods

Treatment of mice and bone marrow
Mice were maintained at the Animal Care Facility, at Temple University School of Medicine, Philadelphia. Mice genotype was confirmed by PCR using specific primer sets for gadd45a, gadd45b and the neomycin phosphotransferase reporter gene each time the litters were produced (Hollander et al., 1999; Gupta et al., 2005) . Femoral BM was prepared from 6-to 8-week-old inbred female gadd45aÀ/À, gadd45bÀ/À and wt littermates. Mice were given IP injections of 3 ml sodium caseinate solution (10% w/v in phosphate buffer saline, PBS) 3 days before isolation of BM cells, or 5-FU at 200 mg/kg body weight per mice whenever required. Erythrolysis of BM was performed by treating the cells with buffered ammonium chloride (Stem Cell Technologies, Vancouver, Canada) for 10 min. Cells were washed three times with PBS to remove the ammonium chloride and the lysed red blood cells. Wehi3B cellconditioned medium (serum free) was used as a source of IL-3 (10% v/v as optimized separately); rGM-CSF (GM-CSF) and rhuG-CSF (G-CSF) were kindly gifted by Amgen and rM-CSF (M-CSF) was procured from R&D Technologies, MN, USA.
Culture conditions
For liquid cultures, BM cells were cultured in IMDM supplemented with 10% heat-inactivated FBS and either 10% v/v wehi3B cell-conditioned medium as a source of IL-3, 110 ng/ml GM-CSF, 20 ng/ml M-CSF or 100 ng/ml G-CSF. Cells were seeded at an initial density of 0.5 Â 10 5 cells/ml and cultured at 371C in a humidified atmosphere with 10% CO 2 . Cells were subcultured at 4 days intervals to replenish nutrients.
Northern blot analysis RNA was isolated using TRIzol reagent (Invitogen). Total RNA (15 mg per lane) was subjected to electrophoresis on a 1% Agarose formaldehyde gel followed by blotting onto a Duralon-UV membrane (Stratgene, LaJolla, USA) by capillary transfer method; the RNA was fixed on the membrane by UV crosslinking. Membranes were hybridized with different probes overnight at 421C, in a solution of 50% deionized formamide, 10% dextran sulfate, 1 M sodium chloride, 1% sodium dodecyl sulfate (SDS) and 100 mg/ml salmon sperm DNA. Blots were washed with 2 Â standard sodium citrate (SSC) at room temperature for 5 min, followed by two washings of 30 min each in 1% SDS, 0.1 Â SSC at 601C and exposed to X-ray film at À801C for 12-24 h. Stripping of blots was performed by repeated washings with a boiling (>901C) solution of 0.1% SDS, 0.1 Â SSC. Probes used were the BamHI-EcoRI fragment of mouse MyD118 (gadd45b), XbaSpeI fragment of hamster gadd45 (gadd45a) and an EcoRI fragment of mouse glyceraldehydes-3-phosphate dehydrogenase cDNA excised from pBluescript vectors. All the probes were 32 P-labeled by random priming (RadPrime) DNA (Invitrogen, New York, USA).
Assay for differentiation associated properties Differentiation was determined by counting at least 300 cells on May-Grunwald-Giemsa-stained cytospin smears and scoring the proportion of immature blast cells, cells at intermediate granulocyte or macrophage stages and mature cells. For cytospin smears, cells were spun down and washed twice with PBS and re-suspended in PBS at a density of 1.0 Â 10 6 and aliquots were used to prepare the cytospin smears. Immature blast cells were characterized by scant cytoplasm and round or oval nuclei, granulocyte intermediates were characterized by dented but not lobulated nuclei and mature granulocyte cells were characterized by enlarged cytoplasm and lobulated nuclei. Cells at intermediate monocyte stage of differentiation are flattened with a larger cytoplasm to nucleus ratio and contain irregularly shaped nuclei and vacuolated cytoplasm (Nguyen et al., 1993) . Analysis of macrophage and granulocyte cell surface markers on BM cells was determined using FACS analysis with fluoresein isothiocyanate (FITC) or PE-conjugated F4/80, a rat monoclonal antibody to mouse macrophage antigen (Caltag Laboratories, Burmingham, CA, USA), Gr-1, an anti-mouse LyG6 (Pharmingen, San Diego, CA, USA) and Mac-1 (CD11b). Gates M1 and M2 were defined to distinguish high or moderate level expression of Gr-1 and F4/80, where high level expression of these surface markers is associated with the maturation stage of granulocyte or macrophage lineages, respectively.
Differential counts of bone marrow cells and peripheral blood cells Bone marrow cells were obtained as described above and blood was obtained by occular bleeding. Differential BM cell counts were performed on May-Grunwald-Gimsa-stained blood smears (300 cells/smear). Differential blood cell counts were performed manually on Wright-Gimsa-stained blood smears (300 cells/smear).
Apoptosis analysis
Cells were analysed for apoptosis by staining with FITCconjugated Annexin-V and PI kit (BD Pharmingen, San Diego, USA), followed by monitoring at least 20 000 cells in the Becton Dikinson FACS Calibur, and data processing with the aid of the Cell Quest software (Becton Dickinson, New York, USA). To determine the relationship of apoptosis vis a vis differentiation status, cells were stained with PE-conjugated antibodies to the differentiation markers Mac-1, F-4/80 or Gr-1 and FITC-conjugated annexin-V followed by bi-parametric flow cytometry and data processing using the Cell Quest software. Cells positive for both the surface marker and gadd45a and gadd45b in myeloid stress responses SK Gupta et al annexin-V are defined as differentiated cells undergoing apoptosis (Gupta et al., 2005) .
Retroviral transduction of bone marrow-derived macrophages MIGW, a retroviral vector having the GFP gene downstream of the Internal Ribosomal entry site, was kindly gifted by Dr Luk Van Parjis of Massachusetts Institute of Technology, Cambridge. The MIGW-gadd45a retroviral construct was previously generated in this laboratory (Gupta et al, 2005) . Infectious viral supernatants were produced by transient transfection of amphotropic phoenixt packaging cells (Orbigen, San Diego, USA) with the MIGW and MIGW-gadd45a in the presence of 25 mM Chloroqueine (Sigma, St Louis, USA), and supernatants were collected 48 h after transfection. Bone marrow cells were cultured in IMDM medium supplemented with 10% FBS and 20 ng/ml M-CSF and stem cell factor (SCF) (50 ng/ml) at 371C for 48 h. Subsequently, the adherent cells were supplemented with infectious viral supernatant diluted (1:3 v/v) in IMDM supplemented with 10% FBS, 20 ng/ml M-CSF, 50 ng/ml SCF and 25 ng/ml retronectin (Takara, Madison, USA). Infection was repeated twice at 4 h intervals; 24 h later, cells were fed with fresh IMDM supplemented with 10% FBS and 20 ng/ml M-CSF. After 48 h of incubation at 10% CO 2 , 371C cells were washed, collected, stained with annexin-V-PE and assessed for expression of GFP and annexin-V-PE binding by flow cytometry.
Methylcellulose colony assay
Bone marrow cells were washed with PBS and plated in 35 mm tissue culture dishes in 1.1 ml methylcellulose (Methocult HCC3234; Stem Cell technologies Inc., Vancouver, Canada) according to manufacturer's instructions. Colonies were raised in presence of various cytokines by supplementing the methylcellulose with either IL-3 (10% Wehi3B cell-conditioned medium), 110 ng/ml GM-CSF, 20 ng/ml M-CSF or 100 ng/ml G-CSF. Cells were seeded at an initial density of 25 000 cells/ dish and were cultured at 371C in a humidified atmosphere with 5% CO 2 for 8 days before scoring for colonies. For replating assays, total cells were recovered from primary cultures in methylcellulose supplemented with IL-3. Cells were washed twice with PBS and 25 000 cells were plated for raising secondary colonies under the same conditions. Similarly, cells obtained from secondary colonies were plated for raising tertiary colonies. Colonies were distinguished based on their morphological appearance. Blast colonies were compact circular colonies comprised of immature myeloid blast cells. GM colonies, having a halo of cells in the center and dispersed cells on the periphery, consisted of macrophages and granulocytes at various stages of differentiation, whereas dispersed colonies were comprised of mature macrophages (M).
Statistical analysis
Results of multiple experiments were presented as mean7-standard error. Significance levels (P-value) were determined by Student's t-test.
